Introduction
Several studies have demonstrated that fruits and vegetables exert a protective effect against the development of human diseases such as cardiovascular disease, diabetes and cancer [1] - [4] . It has been hypothesized that the protective role could be due to nutrients contained in the vegetables such as fiber, vitamins and phytochemicals. Among phytochemicals, the protective role of phenolics has been mainly investigated. Phenolics are secondary example, some phytochemicals are fermented by colonic bacteria and the original phytochemical may not even be detectable in the blood [14] . This review focuses on the nutrient and phytochemical contents of apples. An overview on the bioavailability and metabolism of the most abundant apple phytochemicals after consumption is also presented, and the currently hypothesized health benefits related to apple consumption in humans are reviewed, with a particular attention given to recent evidence on the impact of apple on cardiovascular health and the biological effects related to the protective effect of this fruit.
Apples Nutritional Properties and Phytochemicals
The chemical composition and the nutritional properties of different cultivar of apple and their derivatives (juice, dried apple) have been previously studied [15] [16] . According to its nutrient profile ( Table 1) , apple represents a healthy food choice.
Sugars
Ninety-percent of the energy from apples is derived from simple carbohydrates, mainly sugars, of which fructose is the dominant form. Apple fructose and sucrose contents are lower than in most other fruits.
The fibre content of apple is approx. 3 g/100 g fresh weight (FW) and consists mainly of soluble fibres (pectin) ( Table 1) . Pectin is a complex polysaccharide, and apple pectin exhibits a high degree of esterification and a particularly high content of branched side chains [17] . Pectin exerts different physiological roles. It exerts prebiotic effects [18] and is fermented by the microflora in the large intestine resulting in the formation of short chain fatty acids (SCFA) which are absorbed and metabolised in the colonic mucosa, liver, or peripheral tissues. It has been established a relationship between the consumption of pectins and maintenance of normal blood cholesterol concentrations and a reduction of post-prandial glycaemic responses [19] .
Micronutrients
Apple also contains several nutrient as well as non-nutrient components, including, minerals, and vitamins. Apples are rich in vitamins C and E, some pro-vitamin A carotenes, lutein, folic acid, potassium and magnesium ( Table 1) .
Phytochemicals
Some of the most well studied polyphenol compounds in apples include flavonoids such as quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-rhamnoside [7] [15]. Lister et al. [20] reported quercetin glycoside concentrations of 400 -700 mg/100 g and 250 -550 mg/100 g in Granny Smith and Splendour apple peels, respectively, with quercetin 3-galactoside (hyperin), quercetin 3-arabinofuranoside (avicularin), quercetin 3-rhamnoside (quercetin), and quercetin 3-xyloside (reynoutrin) being the four most common. Apples contain also flavanols ([+]catechin [−]epicatechin). Other phytochemicals are antocyanins (cyanidin-3-galactoside), coumaric acid, chlorogenic acid, gallic acid, and certain dihydrochalcones only found in apples (phloridzin and phloretin) [21] . Schieber et al., [22] have demonstrated the presence of isorhamnetin glycosides in extracts of "Brettacher" apples that are used both as a dessert fruit and for juice. The flavanols of apples are very similar to those present in cocoa and dark chocolate, and apples represent potential sources of extractable flavanols for inclusion in functional foods. The apple contains also condensed tannins. The apple condensed tannins (ACT) are contained in unripe apples at a ten times higher level than in the ripe ones [23] . Condensed tannins are called proanthocyanidins (PA). PA differ from all other natural polyphenols by their polymeric nature. They are made of flavan-3-ol units and their average degree of polymerization generally varies between 3 and 11 [24] . Polymerization degree may reach values as high as 17 as was shown in an apple cider extract by Guyot et al. [25] . We consume small amounts of these compounds in daily life from fresh fruits such as apple and the processed foods made from these fruits.
Previous studies have also evaluated the concentration of phytochemicals between the apple peels and the apple flesh. Apple peels contain from two to six times (depending on the variety) more phenolic compounds than in the flesh, and two to three times more flavonoids in the peels when compared to the flesh. The antioxidant activity of apple peels is much greater, ranging from two to six times greater in the peels when compared to the flesh, depending on the variety of the apple [7] - [9] . Quercetin conjugates are found exclusively in the peel of the apples. Chlorogenic acid tends to be higher in the flesh than in the peel. In agreement with the polyphenol composition, apples with the peels are better able to inhibit cancer cell proliferation when compared to apples without the peels [26] .
Bioavailability of Apple Phytochemicals in Humans
Bioavailability is defined as the proportion of a phytochemical that is digested, absorbed, and utilized in normal metabolism; however, measurement of bioavailability relies heavily upon estimates of amounts of antioxidant absorbed. Positive health effects of apple-derived polyphenols in vivo depend on their absorption, metabolism, distribution, and elimination from the body after consumption. Prerequisites for these compounds to have any in vivo effects are that they must be absorbed from the gastrointestinal tract after food consumption and subsequently reach sufficiently high plasma concentrations in the systemic circulation to induce biological activity. Bioavailability of polyphenols may be influenced by food matrix and dose ingested. A major part of the polyphenols ingested (75% -99%) is not found in urine. This implies they have either not been absorbed through the gut barrier, absorbed and excreted in the bile or metabolized by the colonic microflora or our own tissues. Only very rare measurements of the intestinal absorption of polyphenols in humans are available [14] [27] [28] . Large uncertainties remain due to the lack of comprehensive data on the content of some of the main polyphenol classes in food. The maximum concentration in plasma rarely exceeds 1 microM after the consumption of 10 -100 mg of a single phenolic compound. However, the total plasma phenol concentration is probably higher due to the presence of metabolites formed in the body's tissues or by the colonic microflora. The bioavailability of some apple phytonutrients has been recently investigated in human studies and the results are summarized.
Dihydrochalcones. Phloretin (Phl) has been found exclusively in apples and in apple-derived products where is present as free and its glucosidic form, phloridzin (phloretin 2'-O-glucose). The bioavailability of dihydrochalcones following the consumption of apples and apple cider has been investigated in ileostomists and healthy subjects [29] [30] . After ingestion, the principal component in apples and cider, phloretin glucosides undergo cleavage in the small intestine with the released phloretin being subject to glucuronidation before appearing rapidly in the circulatory system as plorethin-2-O-glucuronide with a Tmax lower than 1 h. The short duration of the T max values and the similar C max of the glucuronide in healthy subjects and in ileostomist subjects after apple cider intake are indicative of absorption in the prossimal gastrointestinal tract. Glucuronide derivative has been detected in ileal fluid, urine, and plasma samples in addition to minor amounts of Phl conjugates (glucuronides and sulfates) and unconjugated Phl in the ileal samples [29] [30] .
Epicatechin. The bioavailability of the flavanol epicatechin has been studied using an apple extract (apple drink) and an apple puree containing different amounts of epicatechin (70 mg and 140 mg) [31] . The results of the randomized, placebo-controlled, crossover trial demonstrated that maximum plasma concentration, absorption and urinary excretion were all significantly higher after ingestion of both epicatechin drinks compared with apple puree (p < 0.05). Epicatechin bioavailability was >2-fold higher after ingestion of the 140 mg epicatechin drink compared to the 70 mg epicatechin drink (p < 0.05). The authors concluded that oral bioavailability of apple epicatechin increased at higher doses, but was reduced by whole apple matrix when compared with a epicatechin-rich apple extract incorporated in water-based drink [31] .
Quercetin. As far as it concerns the bioavailability of apple quercetin, previous studies have demonstrated that is lower when compared with onions [32] . DuPont et al. [33] have also determined the uptake and excretion of low doses of polyphenols in six subjects who each consumed 1.1 L of an alcoholic cider beverage. No quercetin was found in urine or plasma, but 3'-methyl quercetin was detected in plasma suggesting that low doses of quercetin are extensively methylated in humans [28] [33] .
Condensed tannin bioavailability. Very little is known about the metabolic fate and bioavailability of tannins. Proanthocyanidins (PA) absorption depends on their degree of polymerization [34] . In some in vitro experiments, only PA dimers and trimers, but not polymers with an average polymerization degree of 7, were absorbed through an intestinal epithelium cell monolayer [35] . Déprez et al. [36] have demonstrated that in vitro PA are catabolized by human colonic microflora into low-molecular-weight phenolic acids.
Other apple polyphenols. Two human intervention studies have investigated the bioavailability of other apple polyphenols in healthy men after ingestion of apples from different farming systems. The short-term intervention study included six men who consumed either organically or conventionally produced apples (randomized cross-over study). After intake of 1 kg apples, phloretin and coumaric acid plasma concentrations increased significantly (p < 0.0001) in both intervention groups, without differences between the two farming systems. In the long-term intervention study, 43 healthy volunteers consumed organically or conventionally produced apples (500 g/day; 4 weeks) or no apples in a double-blind, randomized intervention study. In the study, 24 h after the last dosing regime, the apple intake did not result in increasing polyphenol concentrations in plasma and urine compared to the control group suggesting no accumulation of apple polyphenols or degradation products in humans [37] .
Apples and Risk of Cardiovascular Disease. Human Studies
Apple consumption, including fresh apple, apple juice, apple extracts, apple polyphenols or apple pectin have been reported to exert cardioprotective effects in various animal models [7] [11] [38] - [41] . Most of these studies have concluded that the health benefits of apple consumption may be related to any of its components, including fiber and phytochemicals. However, findings from these studies cannot be directly extrapolated to human beings. Evidence from human epidemiologic and interventional studies is growing. Even if it is difficult to demonstrate that specific foods can play a part in decreasing cardiovascular disease (CVD) and heart disease, some epidemiologic observations have suggested that apples may have particular beneficial cardiovascular effects. Alterations of plasma lipoproteins, endothelial dysfunction and increased production of proinflammatory molecules are involved in the molecular mechanisms of cardiovascular disease [42] [43] . Evidence suggests that consumption of apple or its bioactive components modulate lipid metabolism and reduce the production of proinflammatory molecules. As summarized by Boyer and Liu [7] , some reports showed an inverse association between apple derivatives and apple-flavonoid intake and coronary mortality. Gender-related differences have been observed, in fact a 43% reduction in coronary mortality group has been demonstrated in women consuming >71 g of apple/d compared to women who did not eat apples. In men, the risk reduction was only 19% in the group consuming >54 g compared to no apple intake [44] . Other studies have shown that a relatively modest intake of apple is associated with modifications of plasma lipids and a protective effect against lipid peroxidation.
Lipids and Lipid Metabolism
Elevated lipids and aberrations in plasma lipoproteins are well-established risk factors for cardiovascular disease [42] [43] [45] . Research in animals allows for detailed analyses of the effect of apple derivatives on lipid parameters beyond simply measuring lipid levels in plasma. The effect of apples on plasma cholesterol levels and cardiovascular risk has been reviewed in 2009 [38] . More recent studies have confirmed that apple and derivatives exert an effect on plasma lipids in human subjects ( Table 2) .
Chai et al. [46] have studied the effect of ingestion of dried apple (75 g/day) in one-hundred sixty postmenopausal women compared with a control group whose diet was supplemented with dried plum (comparative control) [46] . Fasting blood samples were collected at baseline, 3, 6, and 12 months to measure various parameters. Women who consumed dried apple lost 1.5 kg body weight by the end of the study. In terms of cholesterol, serum total cholesterol levels were significantly lower in the dried apple group compared with the dried plum group only at 6 months. Within the group, women who consumed dried apple had significantly lower serum levels of total cholesterol and low-density lipoprotein (LDL) cholesterol by 9% and 16%, respectively, at 3 months compared with baseline. These serum values were further decreased to 13% and 24%, respectively, after 6 months but stayed constant thereafter. The within-group analysis also reported that daily apple consumption profoundly improved atherogenic risk ratios. A crossover study to assess the effects of whole apples (550 g/day), apple pomace (22 g/day), clear and cloudy apple juices (500 ml/day) or no supplement on lipoproteins and blood pressure in a group of 34 healthy volunteers confirmed a significant effect on serum total and LDL-cholesterol [47] . Trends towards a lower serum LDL-concentration were observed after whole apple (6.7%), pomace (7.9%) and cloudy juice (2.2%) intake. On the other hand, LDL-cholesterol (LDL-C) concentrations increased by 6.9% with clear juice compared to whole apples and pomace. There was no effect on HDL-cholesterol, triacylglicerol (TAG), composition of the gut microbiota or markers of glucose metabolism. It was concluded that the fibre component was necessary for the cholesterol-lowering effect of apples in healthy humans and that clear apple juice may not be a suitable surrogate for the whole fruit in nutritional recommendations. In addition to fibre, the effect on plasma lipids could be due to apple polyphenols, in fact although only a small fraction of these is absorbed, two studies have reported a cholesterol-lowering effect after 4 weeks supplementation with an apple polyphenol extract [48] .
In contrast with the aforementioned papers, a study on hyperlipidemic and overweight men whose diet was supplemented with 300 g complete raw Golden Delicious apple daily for 8 weeks did not confirm an effect on plasma lipids [49] . Moreover, a recent study by Barth et al. (2012) has demonstrated no significant effect of moderate intake of apple juice on plasma lipids in obese men. However a decrease in the percent body fat in obese patients was demonstrated [50] .
Endothelial Function and Blood Pressure
Nitric oxide (NO), which can be derived from both endogenous and exogenous sources, is a critical regulator of endothelial function [51] . Dietary components, such as particular flavonoids can augment NO status acutely and in so doing enhance endothelial function. Flavonoids increase endogenous endothelial NO production and/or reduce breakdown [52] . These effects may contribute to the benefits of flavonoid-rich foods and beverages on cardiovascular health [53] . The acute effects of apples, rich in flavonoids (providing 184 mg of quercetin and 180 mg of (−)-epicatechin.), on plasma NO status, endothelial function, and blood pressure has been studied by Bondonno et al. [54] in healthy men and women in a randomized, controlled, crossover trial. Measurements included plasma nitric oxide status, assessed by measuring S-nitrosothiols, other nitrosylated species (RXNO) and nitrite, blood pressure, and endothelial function, measured as flow-mediated dilatation of the brachial artery. Relative to control, all treatments resulted in higher RXNO. Compared to control, the treatment resulted in higher flow-mediated dilatation (FMD) (p < 0.05) and lower pulse pressure (p < 0.05). No significant effect was observed on diastolic blood pressure. Therefore the authors concluded that intake of flavonoid-rich apples can augment nitric oxide status, enhance endothelial function, and lower blood pressure acutely, outcomes that may benefit cardiovascular health [55] .
In disagreement with the previous studies, Auclair et al. [55] demonstrated that consumption of a polyphenol-rich apple does not improve vascular function studied by brachial artery FMD in 30 hypercholesterolemic patients who had consumed 40 g of two lyophilized apples, polyphenol-rich and polyphenol-poor, providing respectively 1.43 and 0.21 g polyphenol per day.
Inflammatory Markers
Antiinflammatory properties of apple polyphenols have previously investigated in vitro [34] [56] . Elevated serum levels of C-reactive protein (CRP) have been implicated in many chronic diseases, including CVD. Another health benefit of apple may be through its ability to lower CRP levels. More recently, CRP has been identified as a major contributor and predictor of the development of atherosclerosis, CVD complications, and diabetes [57] . Chai et al. demonstrated a decrease of serum CRP levels by 22% in a group of women supplemented with dried apple for 6 months and the level of serum CRP further decreased by 32% after 12 months [46] .
Oxidative Stress
Overproduction and/or overexposure to oxidants in the body can result in an imbalance leading to cellular damage. Oxidative damage appears to be an initiating factor in several chronic diseases, including cardiovascular disease, due to disruptions in DNA, protein, lipids, and other cellular components by reactive oxygen species (ROS) [58] . Dietary antioxidants are of interest, because they add to the endogenous potential of the body to scavenge ROS and nitrogen-free radicals and directly counteract lipid peroxidation reactions [59] [60] .
The antioxidant activity of apples has been widely investigated in vitro using different experimental models. Several studies have reported that the antioxidant activity differs between different varieties of apples and is positively associated with the level of phenolic content: the apple varieties with the higher phenolics tended to have higher antioxidant activity "in vitro" [7] [61].
Wolfe et al. [62] have reported that of four common varieties used for apple sauce (Rome Beauty, Idared, Cortland, and Golden Delicious), Rome Beauty had the highest phenolic content and the highest antioxidant properties. Out of 10 varieties commonly consumed in the US, Fuji and Red Delicious apples had the highest phenolic compounds and highest antioxidant properties [7] . On the contrary, Zardo et al. [63] reported that Golden Delicious had the highest phenol content compared to Fuji and Gala and the antioxidant capacity of the Golden Delicious was 2.5 and 3.6 times higher than that found in the Fuji and Gala, respectively. The phenolic composition of 67 varieties of apple cultivars (new and old varieties) was examined for the concentration of some important phytochemicals and antioxidant activity by Wojdyło et al (2008) [64] . The results confirms the correlation between levels of polyphenols and "in vitro" antioxidant properties [64] .
Also tannins could be involved in the antioxidant properties of apples. In fact, plant proanthocyanidins possess a variety of physiological activities including antioxidant activity [65] - [67] and are known as the functional food factors [34] . Recent researches have shown that the degree of polymerization of these substances is related to their antioxidant activity. In condensed tannins, this activity can be up to fifteen to thirty times superior to those attributed to simple phenols [68] .
The antioxidant properties of apples have also been investigated in humans. The results are summarized in Table 3 .
Post prandial changes of blood antioxidants. Using a fluorescent probe (2,7-dichlorofluorescin) as an indicator of ROS formation and oxidative stress, it has been demonstrated that intake of 150 mL of apple juice prepared from homogenized apple flesh [59] was associated with a significant increase of antioxidant effect within 30 min post-consumption that was sustained for up to 90 min.
Maffei et al. [69] have confirmed that apple intake (600 g) of homogenized unpeeled apples, Red Delicious) in a small group of young healthy males (n = 6), increased plasma total antioxidant activity by 64% at 3 and 6 h post-consumption compared to a water control, with resumption to baseline by 24 h after the test. Apple also decreased the presence of ROS generated by hydrogen peroxide exposure in lymphocytes isolated from each participant at 3 and 6 h after the apple test meal. The investigators tested also for the ability of apple to protect against DNA damage in cultured lymphocytes isolated after apple exposure and found a significant protective Apple juice (300 ml) Decrease of lipid peroxidation of lymphocytes Post prandial decrease in serum lipid peroxides Vieira et al., 2012 effect at 3 h with a gradual loss of protection 24 h post-consumption. These findings suggest that the consumption of whole apple provides a useful dietary source of active scavengers to protect cells and tissue from oxidative stress and related DNA injury. A protective effect exerted by apple intake on lymphocyte DNA has been observed by Brivida et al. [70] . Vieira et al. [71] confirmed that acute consumption of apple juice (AJ) of 2 Brazilian cultivars (Golden Delicious and Catarina) with different content of sugars, ascorbic acid, phenols, and antioxidant capacities exert an effect on the antioxidant status and serum lipid peroxidation (lipid hydroperoxides and thiobarbituric acid-reactive substances, TBARS) in humans. The study carried out in nine healthy women who ingested 300 mL of Golden Delicious or Catarina apple juice or water, demonstrated a significant increase in serum antioxidant capacity and ascorbic and uric acid levels and a significant decrease in serum lipid peroxidation 1 hour after intake. The increase in serum antioxidant capacity after consumption of both AJ was correlated directly with the uric acid levels and inversely with serum lipid peroxidation. The acute intake of AJ of 2 cultivars promoted a similar effect on the antioxidant status and lipid peroxidation in human blood serum.
Other authors have suggested that the increase of plasma antioxidant capacity after apple intake (Red Delicious) [71] , is mainly due to the enhancement of uric acid in serum whereas polyphenols and ascorbic acid play a negligible role. In fact it has been demonstrated that the fructose in apples caused the increase in uric acid levels because of the increased degradation of adenosine monophosphate to uric acid [72] .
Long term effects. Modification of antioxidant activity in the participants' erythrocytes and plasma has been demonstrated after intake of fresh apples at a daily dose of 2 g/kg for 1 month [73] . The study carried out in 15 elderly participants (mean age 72 years) demonstrated that apple consumption increased antioxidant potential in plasma and cell antioxidant enzymes, including superoxide dismutase (SOD) and glutathione peroxidase (GPx) in erythrocytes. The up regulation of these enzymes suggested that regular apple consumption might promote a favorable milieu to reduce oxidation. More recently Chai et al. [46] demonstrated that intake of dried apple (75 g/day) for 12 months was able to decrease levels of serum lipid hydroperoxides.
Lipid peroxidation of lipoproteins. In the past few years, research on polyphenols as antioxidants has considerably increased because of the involvement of oxidative stress in the onset and development of degenerative disease [58] [60] . The effect of phytochemicals on in vitro low-density lipoprotein (LDL) oxidation has been previously studied. In fact, the oxidative modification hypothesis designates the oxidative change of LDL as a crucial, if not mandatory, step in atherogenesis [43] [74] . This theory originated from studies demonstrating that LDL modified by endothelial cells, transformation entailing an oxidation process [75] , could be internalized and accumulated avidly by macrophages [76] . Reports of in vivo antioxidant effects from fruit intake are limited. A human trial examined the in vivo effect of consumption of apples (both whole and juice) in an unblinded, randomized, crossover design. Healthy men and women added 375 ml of unsupplemented apple juice or 340 g of cored whole apple (Cripps Pink apple) to their daily diet for 6 weeks, then crossed over to the alternate product for 6 weeks. Dietary fiber intake increased by 22% with whole apple consumption. Moderate apple juice consumption provided in vivo antioxidant activity as shown by the increased ex vivo copper (Cu(++))-mediated LDL oxidation lag time by 20% in subjects whose diet had been supplement with apple juice. Moreover apples and apple juice both reduced conjugated diene formation. In view of the understanding of CVD, the observed effect on LDL might be associated with reduced CVD risk and supports the inclusion of apple juice in a healthy human diet [49] .
Phenolics that bind LDL are good candidates for preventing lipid peroxidation and atherosclerotic processes because they are able to prevent the autocatalytic chain reaction of fatty acid peroxidation in LDL directly and/or by preservation of other chain-breaking antioxidants, such as tocopherol [77] .
A recent study has also investigated the effect of apple intake (1 apple/day for 4 weeks, an equal mixture of Red Delicious and Golden Delicious apples) on levels of oxidized low-density lipoprotein/β2-glycoprotein I (oxLDL-β2GPI) complex [78] . The complex oxLDL-β2GPI is thought to initiate a process that leads to atherosclerosis [79] . The results have demonstrated that the consumption of one apple per day caused a substantial decrease in the parameter (mean value of 40%) [78] [79].
Conclusions
In vitro apple polyphenols have been identified as potent radical scavenger, antioxidant and anti-inflammatory molecules. The effect of different varieties of apple has been recently investigated in human epidemiologic and interventional studies. The results demonstrate that the consumption of the fresh and dried apple exerts a beneficial effect to human health. Different molecular mechanisms, as summarized in Table 4 , can be suggested to explain the protective effect exerted by apple components. The beneficial effects of whole apples on plasma lipid levels are probably related to synergistic interactions between apple components. Contrasting results have been reported in obese and hypercholesterolemic patients. Additional human studies are needed to confirm the hypothesized antioxidant, antinflammatory, and vascular protective effects of apples and derivatives in normal and pathological conditions.
